Tg mice and the expression of D213A-DMP1 failed to rescue the developmental defects in Dmp1 -null mice. Interestingly, enlarged growth plates and condylar cartilages were observed in Dmp1 -KO/ D213A-Tg mice, indicating a potential role of the full-length form of DMP1 in chondrogenesis.
leads to osteomalacia/rickets and dentin hypomineralization, indicating that DMP1 plays important roles in osteogenesis and dentinogenesis [Ye et al., 2004 [Ye et al., , 2005 Feng et al., 2006] .
In the extracellular matrix of bone and dentin, DMP1 mainly occurs as proteolytically processed fragments originating from the NH 2 -terminal and COOH-terminal regions of the DMP1 amino acid sequence, respectively. The NH 2 -terminal fragment of DMP1 (designated as 'DMP1-N') exists in 2 forms, i.e. the 37-kDa core protein form and the proteoglycan form (designated as DMP1-PG), while the COOH-terminal fragment (designated as 'DMP1-C') is present as the 57-kDa fragment [Qin et al., 2003 [Qin et al., , 2006 . The full-length form of DMP1 has been detected at a lower level in the extracellular matrix of bone and dentin [Huang et al., 2008 ] and at a relatively high level in articular cartilage [Sun et al., 2010a, b] .
In vitro mineralization studies have shown that DMP1-C and DMP1-N fragments promote the nucleation of hydroxyapatite crystals while full-length DMP1 and DMP1-PG inhibit their growth [Tartaix et al., 2004; Gericke et al., 2010] . Studies have shown that the localization of DMP1-N is different from that of DMP1-C in tooth and long bone [Maciejewska et al., 2009] . Our previous work showed that rat DMP1 is proteolytically processed into DMP1-N and DMP1-C at 4 peptide bonds: [Qin et al., 2003 ]. An in vitro study demonstrated that bone morphogenetic protein-1 (BMP-1)/tolloid-like proteinases cleave the full-length form of rat DMP1 at peptide bond Ser 196 -Asp 197 [Tartaix et al., 2004] . Moreover, the substitution of Asp 213 in mouse DMP1 (corresponding to Asp 197 in rat DMP1) effectively blocked the proteolytic processing of mouse DMP1 in eukaryotic cells [Peng et al., 2009] . Recently, we generated transgenic mice expressing the D213A-DMP1 transgene in a Dmp1 -null background (named ' Dmp1 -KO/ D213A-Tg' mice), and D213A-DMP1 was barely cleaved in bone [Sun et al., 2010c] . In this report, we analyze the phenotypic changes in the bone, dentin and cartilage expressing this mutant D213A-DMP1 in the Dmp1 -null background.
Materials and Methods

Generation of Transgenic Mice
The details of the generation of Dmp1 -knockout ( Dmp1 -KO) mice, Dmp1 -KO/ D213A-Tg mice, and Dmp1 -KO mice expressing the normal DMP1 transgene ( Dmp1 -KO/ normal-Tg ) have been described in previous publications [Feng et al., 2003; Lu et al., 2007 Lu et al., , 2010 Sun et al., 2010c] .
Detection of DMP-Related Products in Dentin Matrix and Digestion of DMP1 by BMP-1
Noncollagenous proteins (NCPs) were extracted from the dentin matrix of 6-week-old wild-type (WT), Dmp1 -KO, Dmp1-KO/ D213A-Tg, and Dmp1 -KO/ normal-Tg mice. The NCPs, including DMP1, were analyzed by Stains-All staining and Western immunoblotting [Sun et al., 2010c] . Stains-All staining was employed to examine full-length DMP1 and/or its processed fragments. Western immunoblotting was carried out to confirm the presence/absence of DMP1. To test whether BMP-1 cleaves DMP1 isolated from dentin, normal DMP1 (from Dmp1 -KO /normal-Tg mice) and D213A-DMP1 (from Dmp1-KO /D213A-Tg mice) were incubated with recombinant human BMP-1 (R&D Systems, Minneapolis, Minn., USA) as previously described [Steiglitz et al., 2004] . For Western immunoblotting, the polyclonal anti-DMP1-C-857 antibody [Maciejewska et al., 2009 ] was used.
X-Ray Analyses
Femurs were dissected from 1-year-old WT, Dmp1 -KO, Dmp1-KO/ D213A-Tg , and Dmp1 -KO/ normal-Tg mice. These specimens were analyzed by high-resolution X-ray radiography (piXarray 100; Micro Photonics) at 5 s/30 kV.
Histology, Immunohistochemistry, and in situ Hybridization Analyses
Hematoxylin and eosin (HE) staining was used to evaluate the phenotypic changes in the long bone, incisors, and cartilage of those mice. Immunohistochemistry (IHC) and in situ hybridization (ISH) were used to evaluate the expression of normal DMP1/ D213A-DMP1 in the long bone, incisors, and cartilage of those mice. For IHC, the monoclonal anti-DMP1-C-8G10.3 antibody was used [Baba et al., 2004] . ISH was performed as previously described [Lu et al., 2007] .
Results
Identification of DMP1 in Dentin Extracts and Its Digestion by BMP-1
Stains-All staining showed that the dentin of Dmp1 -KO/ D213A-Tg mice had significant amounts of fulllength DMP1 and a negligible quantity of DMP1 fragments ( fig. 1 a) . The enzyme digestion experiments showed that the normal full-length DMP1 isolated from Dmp1 -KO/ normal-Tg mice was cleaved by BMP-1, while the mutant D213A-DMP1 isolated from the dentin of Dmp1 -KO/ D213A-Tg mice was hard to cleave ( fig. 1 b) .
X-Ray Analyses
The femurs of Dmp1 -KO/ D213A-Tg mice were shorter and had a lower density than those of WT or Dmp1 -KO/ normal-Tg mice. Thus, the bone development defects in Dmp1-KO/ D213A-Tg mice remained similar to those in Dmp1-KO mice ( fig. 1 c) .
Histological Analyses of Bone and Dentin
HE staining demonstrated that the bone and dentin phenotypes of Dmp1 -KO /D213A-Tg mice were different from those of WT mice ( fig. 2 ). Compared to those of WT mice of the same age, the femurs of 1-year-old Dmp1-KO/ D213A-Tg mice were shorter; the metaphysis region was disorganized, and more osteoid was observed in the cortical bone area. In the incisors, the predentin in Dmp1-KO /D213A-Tg mice was wider than that in WT mice (note the distance between the 2 black arrows in fig. 2 g and h) .
Phenotypic Changes in the Cartilage of Dmp1-KO/ D213A-Tg Mice and Expression of DMP1 in the Growth Plate of Tibia
The growth plate of Dmp1-KO/ D213A-Tg mice was remarkably thicker than that of WT mice. More layers of chondrocytes were observed in the hypertrophic layer and proliferative layer in the enlarged growth plate of Dmp1-KO/ D213A-Tg mice. The organization of the growth plate in Dmp1-KO/ D213A-Tg mice was better than in Dmp1 -KO mice. The condylar cartilage of the mandibles of Dmp1-KO/ D213A-Tg mice was also enlarged ( fig. 3 ). In the growth plate, the distribution of DMP1 in Dmp1 -KO/ D213A-Tg mice was different from that in WT 
Discussion
Previously we hypothesized that proteolytic processing of DMP1 may be essential for the biological functions of this protein in biomineralization [Qin et al., 2007] . The results of this study show that the bone and dentin phenotypes of 1-year-old Dmp1-KO/ D213A-Tg mice were similar to those of Dmp1-KO mice. In addition, the expression of this D213A-DMP1 failed to rescue the phenotypic changes in the long bone of 6-week-old Dmp1 -KO mice [Sun et al., 2010c] , but the normal DMP1 could [Lu et al., 2010; Sun et al., 2010c] . All of these results provide strong support to our belief that DMP1 processing is essential to the formation of bone and dentin. The present study also shows that BMP-1 is the proteinase responsible for the proteolytic processing of DMP1 at the NH 2 -terminus of Asp 213 in mouse DMP1 [Steiglitz et al., 2004] .
The growth plate and condylar cartilage in Dmp1 -KO/ D213A-Tg mice were remarkably thicker than those in WT and Dmp1 -KO mice. Previous studies reported an enlargement of the growth plate cartilage in Dmp1 -KO mice, which was believed to be a result of the decrease in serum phosphate level [Feng et al., 2006] . It has been shown that the serum phosphate level in Dmp1 -KO/ D213A-Tg mice is higher than in Dmp1 -KO mice [Sun et al., 2010c] , whereas the growth plate and condylar cartilage in Dmp1 -KO/ D213A-Tg mice is even thicker than in Dmp1 -KO mice. Thus, a lower level of phosphate could not well explain the extraordinary thickening of the cartilage in Dmp1 -KO/ D213A-Tg mice at the age of 6 weeks. It has also recently become known that, compared with WT mice, the major phenotypic change in the growth plate of 6-week-old or older Dmp1 -KO mice is disorganization but not enlargement [Lu et al., 2010; Sun et al., 2010c] . Combined with the finding that a large amount of full-length DMP1 exists in cartilage matrix [Sun et al., 2010a, b] , we speculate that the full-length form of DMP1 may play a certain role in chondrogenesis. The observation that the cellular organization of cartilage in Dmp1 -KO/ D213A-Tg mice was much better than in Dmp1 -KO mice also supports this speculation. Clearly, further investigations are warranted to evaluate 2011;194:199-204 204 the role of full-length DMP1 in the development of cartilage. As articular cartilage, mandibular condylar cartilage expresses both type I and type II collagen. Thus, it is understandable that the D213A-DMP1 transgene (driven by a type I collagen promoter) was expressed in condylar cartilage and might contribute to the formation of articular cartilage. However, we do not know why the D213A-DMP1 transgene was also expressed in the growth plate, which normally does not express type I collagen. In summary, we strongly believe that the proteolytic processing of DMP1 is essential to its functions in mineralized and cartilaginous tissues. We further envision that DMP1 fragments are functional forms in the mineralization of bone and dentin [Gericke et al., 2010] , while the uncleaved full-length DMP1 may play a role in the development of cartilage.
